vectors via the sexual erythrocytic forms termed gametocytes. Erythrocyte filtration through 23 microsphere layers (microsphiltration) had shown that circulating gametocytes were 24 deformable. Compounds reducing gametocyte deformability would induce their splenic 25 clearance, thus remove them from the blood circulation and block malaria transmission. 26 27 Methods: The hand-made, single-sample prototype for microsphiltration was miniaturized to 28 a 96-well microtitre plate format, and gametocyte retention in the microsphere filters 29 quantified by high-content imaging. The stiffening activity of 40 pharmacological compounds 30
was assessed in microtitre plates, using a small molecule (calyculin) as a positive control. The 31 stiffening activity of calyculin was assessed in spleen-mimetic microfluidic chips and in 32 macrophage-depleted mice. 33 34
Results: Marked mechanical retention (80-90%) of mature gametocytes was obtained in 35
microplates following exposure to calyculin at concentrations with no effect on parasite 36 viability. Of the 40 compounds tested, including 20 anti-malarials, only 5 endoperoxides 37 significantly increased gametocyte retention (1.5-2.5 fold; 24 hour-exposure at 1 µM). 38
Mature gametocytes exposed to calyculin accumulated in microfluidic chips, and were cleared 39 from the circulation of macrophage-depleted mice as rapidly as heat-stiffened erythrocytes, 40 7 membranes (Corning) for 24h in a 37°C incubator. As negative and positive control, 142 gametocytes were exposed to 50nM Calyculin, a phosphatase inhibitor without effect on the 143 deformability of uninfected RBC [31] Orange labelled erythrocytes were detected with 560nm excitation and 600/40 emission. 155
Data analysis 156
Images were processed using the Opera™ Harmony® software (PerkinElmer) using image 157 segmentation algorithms. Gametocytes were classified and counted based on elongation 158 index, size and GFP intensity. RBC were detected using CellMask Orange staining intensity, 159 circularity and size. Gametocytemia (up-and downstream) was defined as the total number of 160 gametocytes detected divided by that of erythrocytes, and the corresponding retention rate 161 was calculated as described [28] . Significance probability for compound-induced gametocyte 162 8 stiffening was calculated using non-parametric, U-statistic Mann Whitney test with two tailed 163 P value and confidence interval of 99%. 164
Microfluidics 165
The microfluidic biochips were cast in polydimethylsiloxane (PDMS, Sylgard, France), a 166 silicone elastomer produced as described [32] . Each biochip comprised 8 parallel filtering 167 units connected to infusion tubing. Biochips were coated with PBS 1% albumin before all 168 experiments. Cultures containing 5% mature gametocytes at 2% hematocrit were exposed to 169
Calyculin (50 nM) or control DMSO 0.4% for 2 hours prior labeling with Hoechst or Sybr 170
Green (Life Technologies), mixing in a 1:1 ratio and centrifugation. RBC samples were 171 infused using a push-syringe as 100% RBC concentrate of 20µL eluted with PBS-Albumax II 172 approach. Optimal dispensing of microspheres into the plates was standardized using an 201 automated liquid dispenser (Fig 1-A, b) . A two-step vacuum-based aspiration protocol was 202 validated (Figure 1-B) . The microsphere matrix remained wet between filtration steps, and the 203 morphology of filtered RBC was preserved (Fig 1D) . 204
Mimicry of splenic mechanical sensing was confirmed by quantifying the retention rates of 205 uninfected RBC and Pf asexual blood stages. As expected, weak retention (<10%) was 206 observed for normal RBC (Figure 1-C) . Heat-stiffened RBC [35] were retained by more than 207 90%. As previously observed with the tip-based prototype, ring stage Pf-infected RBC 208
showed moderate retention at 35.8 ± 10.7%, while mature asexual stages were retained at 81.5 209 ± 5.1% (Fig 1-C) . The relatively wide distribution of retention rates for rings was related to 210 their increasing loss in surface area to volume ratio as the parasite matures [35, 36] hours resulted in a significant increase in retention to 89.85 ± 5.17% and 79.26 ± 3.21% (p < 230 0.0001), respectively. Evaluation of calyculin gametocytocidal activity using a mitotracker-231 based viability assay [17] showed a ˂25% inhibition at 100nM (Fig 3-A) . The difference in 232 retention rates between DMSO and calyculin-exposed gametocytes provided a screening 233 window stable across 3 independent biological replicates, with an average Z' score of 0.67. 234
Forty compounds, including 20 anti-malarial agents and 20 FDA-approved drugs were tested 235 using the assay. None of the 20 FDA-approved drugs significantly increased gametocyte 236 retention above negative control values. Of the 20 anti-malarial agents tested with a 24-hour 237 exposure, only 5 endoperoxide derivatives, namely artemether, dihydro-artemisimin (DHA), 238 artesunate (ART), artemisinin and artemisone were found active at 1µM (p < 0.0001) (Fig 3- infected-patient were exposed to calyculin at 50 nM for 2 hours, then infused through 250 microfluidic chips. This method has been shown to recapitulate the mechanical constraints 251 imposed on RBC as they cross inter-endothelial slits in the human spleen and validated with 252 an array of poorly deformable RBC [32] . Exposure to calyculin induced a marked enrichment 253 to 72.40 ± 13.64% in mature gametocytes in the narrowest slits of the chips versus 27.60 ± 254 13.64% for the DMSO-exposed gametocytes (Fig 4A) (p < 0.0001). Thus, the altered 255 mechanical behavior of pharmacologically-stiffened mature gametocytes observed with the 256 microsphiltration assay was confirmed using microfluidic chips as an independent measure of 257 spleen-like retention. This provides a physiologically relevant validation of active compounds 258 identified by microsphiltration. 259
Clearance of pharmacologically-stiffened gametocytes from the blood of macrophage-260 depleted mice: Gametocytes exposed to either calyculin or 0.4% DMSO were transfused into 261 C56Bl6 mice previously treated with clodronate liposomes to deplete endogenous 262 macrophages and allow normal human RBC to circulate for several hours (Fig 4B, C and D) . 263
As expected, when untreated mice were transfused with human RBC a complete clearance 264 13 was observed in less than 90 minutes. By contrast, 73.19 ± 26.87% and 58.53 ± 12.97% of 265 human RBC (p = 0.0006) were still in circulation at 90 and 180 minutes, respectively, after 266 transfusion into macrophage-depleted mice. In these macrophage-depleted mice, only 35.63 ± 267 24.42% and 22.98 ± 6.94% of stiff, heat treated RBC remained in circulation after 90 and 180 268 minutes, corresponding to ˃75% clearance, arguably by a macrophage-independent, 269 mechanical process (Fig 4B) . When gametocyte circulation kinetics were examined, we found 270 that 81.21% of immature compared to 15.35% of mature gametocytes were cleared after 90 271 minutes (p = 0,0005). This result is consistent with previous studies which demonstrated a 272 marked difference in the stiffness of immature and mature stages using biorheological 273 methods [14, 15] (Fig 4C) . Finally, mature gametocytes exposed to calyculin for 2 hours had 274 a clearance rate of 77.52%, whereas exposure to 0.4% DMSO resulted in only 34.83% 275 retention after 180 minutes (p = 0.0286). Interestingly, these clearance rate kinetics were 276 almost identical with those of nRBC (26.97%) and HRBC (77.01%). Hence, a compound 277 active in the microsphiltration assay induces the splenic mechanical retention of gametocytes 278 in vivo (Fig 4D) . To find transmission-blocking agents through an original, biomechanical approach we 293 optimized the manual microsphiltration prototype to a miniaturized automated format. This 294 effectively streamlined the processing of 96 samples in a simultaneous fashion with the 295 potential to screen up to 5,000-10,000 compounds in single point, over a 1 to 2-month period. 296
We have also developed specific tools to validate this approach. Lavazec and colleagues 297 recently identified compounds interfering with a signalling pathway that regulates 298 gametocyte-infected RBC deformability. The identification of calyculin [31] has provided the 299 much needed tool for validation of the screening approach reported here. We have 300 demonstrated that calyculin stiffens gametocytes at concentrations lower than those affecting 301 gametocyte viability (Fig 3) . This stiffening activity was further confirmed using biomimetic 302 microchips with narrow 2 micron-wide slits [32] in which gametocytes exposed to calyculin 303 accumulated after a few minutes of infusion (Fig 4A) . To validate the effect of hits in vivo, 304 15 we developed a new transfusion approach in mice. The mouse and human spleens retain 305 autologous spherocytic RBC at a similar pace [38, 34] and the minimal surface area loss 306 triggering biomechanical retention is also similar in both species, namely >18% in human 307 spleens [35] and >20% in mice [38] . Macrophage depletion was used to allow human RBC to 308 remain in the peripheral circulation of C57BL6 mice. As expected, those human RBC were 309 rapidly cleared from the circulation of macrophage-intact controls (Fig 4B) , while the 310 majority of them were still in the peripheral blood of macrophage-depleted mice 3 hours after 311
xenotransfusion. In this model, a minority of mature gametocytes and a majority of immature 312 gametocytes were cleared, consistent with previous observations in vitro [14] . Similarly, only 313 a minority of mature gametocytes exposed to DMSO and a majority of those exposed to 314 calyculin were cleared. This strongly suggests that calyculin induces the clearance of mature 315 gametocytes in vivo by inducing their mechanical retention in the spleen [33, 40] . 316
In the first set of compounds tested, most were inactive and induced retention rates very 317 similar to those observed with the solvent control (DMSO) (Fig 3) . Five endoperoxides were 318 identified as actives, however, as opposed to calyculin, induced retention only at 319 concentrations higher than those affecting viability (Fig 3 & Fig S1) . Mechanical retention 320 was thus more likely a consequence of gametocyte killing rather than a new mode of action of 321 endoperoxides on gametocyte carriage. Interestingly, artemether affected the viability of 322 mature gametocytes at lower concentrations than dihydroartemisinin. This is consistent with 323 the greater effect artemether-lumefantrine has on gametocyte carriage and transmission to 324
Anopheles compared to DHA-piperaquine [41] . 325 Macrophage-depleted C57BL6 mice were transfused with human RBC infected with mature P. falciparum gametocytes, exposed just before transfusion either to calyculin at 100 nM or control DMSO 0.4% during 2 hours (2 independent experiments for a total of 8 mice). A majority of mature gametocytes exposed to calyculin (Green line) were cleared while a majority of mature gametocytes exposed to the solvent (Blue line) stayed in circulation (p = 0.0286). Red dotted line: nRBC and Purple dotted line: HRBC. Results from these mice experiments are expressed as mean values ± SEM.
